Immune reactions in the gut are associated with increased epithelial cell proliferation. Here we have studied the role of keratinocyte growth factor (KGF; FGF7) and transforming growth factor-␣ (TGF-␣ ) in the epithelial cell hyperplasia seen in explants of fetal human small intestine after activation of lamina propria T cells with the superantigen Staphylococcus aureus enterotoxin B (SEB). After the addition of SEB to the explants there is a 10-fold increase in KGF mRNA by 72 h of culture. KGF transcripts were abundant in the lamina propria using in situ hybridization and the culture supernatants contained elevated amounts of KGF protein. SEB had no direct effect on KGF mRNA and protein production by cultured lamina propria mesenchymal cells, but both were upregulated by TNF-␣ . Accompanying the increase in KGF there was also an increase in TGF-␣ precursor proteins in the culture supernatants and the phosphorylated form of the EGFR receptor was also detected in the tissue. Increased TGF-␣ precursor proteins were also detected in the supernatants of control explants stimulated with KGF alone. The direct addition of KGF and TGF-␣ enhanced epithelial cell proliferation and antibodies against KGF and TGF-␣ partially inhibited SEB-induced crypt hyperplasia. These results suggest molecular cross-talk between the KGF/KGFR and the TGF-␣ /EGFR in immunemediated crypt cell hyperplasia. ( J. Clin. Invest. 1998. 102: 1473-1480.)
Introduction
Intestinal inflammation is associated with increased epithelial cell proliferation and hypertrophy of the crypts of Lieberkühn. When the inflammation is part of protective immunity, increased epithelial proliferation and crypt hypertrophy can be seen as a mechanism to replace infected or damaged enterocytes, to provide cells to cover areas of enterocyte loss, and to reduce mucosal surface area. Pari passu there is loss of intestinal function since absorptive surface area and brush border digestive enzymes are decreased. In chronic diseases of the gut, however, as in the inappropriate response to wheat in celiac disease and the idiopathic lesions in inflammatory bowel disease, long-term inflammation leads to chronically elevated epithelial cell proliferation and compromised absorptive function. The functional relationship between inflammatory cells and epithelial renewal in the gut is not well understood.
There are at least two possible ways in which inflammatory cells and their products could influence intestinal epithelial cell renewal. First, cytokines could have a direct mitogenic effect on epithelial cells. There is in vitro evidence that cytokines can enhance the proliferation of epithelial cell lines (1-4) but there is also good evidence that IFN-␥ , local concentrations of which are elevated in a number of gut diseases, is cytostatic (5) . In vivo, using murine graft-versus-host disease as a model, Mowat and co-workers have shown that inhibition of nitric oxide, IL-1, IL-4, or IFN-␥ prevents the intestinal crypt hyperplasia seen in these conditions (6) (7) (8) . The same group has also shown that direct injection of IFN-␥ or TNF-␣ in normal mice causes crypt hyperplasia (9) . Likewise, mice bearing IFN-␥ -secreting tumors develop hyperplastic crypts (10) .
The second way in which inflammatory cells and cytokines could alter epithelial proliferation is indirect, i.e., by modulating other resident cells (mesenchymal cells [MSC] and muscle cells) in the lamina propria, which may affect the homeostatic control of epithelial cell proliferation. Several growth factors are known to work in a paracrine/juxtacrine fashion in both promoting and inhibiting gut epithelial cell proliferation. For example, TGF-␤ inhibits epithelial proliferation (11) , whereas glucagon-like peptide 2, IGF-1, and EGF enhance epithelial proliferation (12) (13) (14) . Overall, however, whether crypt hyperplasia is mediated directly by the products of immune cells or indirectly is not known.
Keratinocyte growth factor (KGF; fibroblast growth factor-7, FGF-7)
1 is a member of the FGF family of growth factors, is secreted by stromal cells, and is thought to be important in control of epithelial proliferation in the lung and skin, especially after injury (15) (16) (17) (18) . Expression of KGF and its receptor has been detected throughout the gastrointestinal tract, suggesting KGF to be an endogenous mediator of growth and differentiation in this tissue (19) . Recent studies have also shown marked upregulation of KGF mRNA expression in inflammatory bowel disease, especially in ulcerative colitis (20) (21) (22) . TGF-␣ , a member of the EGF family of growth factors, is produced by epithelial cells in vivo and can modulate epithelial function both in vitro and in vivo (23) (24) (25) . Recent studies by Dignass and colleagues have shown both KGF and TGF-␣ to have modest effects on epithelial cell proliferation in several epithelial cell lines (26, 27) .
To determine if KGF and TGF-␣ have a functional role in promoting epithelial cell renewal during local immune reactions, we have used an ex vivo model of T cell activation in explants of fetal human intestine. When the bacterial superantigen Staphylococcus aureus enterotoxin B (SEB) is added to explants in culture, it diffuses through the cut edges of the tissue and activates the resident lamina propria V ␤ 3 ϩ cells in situ. The T cell response is of a Th1 type and there is increased production of IFN-␥ and TNF-␣ (28). Within 3 d there is a large increase in dividing crypt epithelial cells, which can be almost completely inhibited by the T cell immunosuppressive agent FK506, showing that SEB is not having a direct effect on epithelial renewal. In this study we have attempted to identify the role of KGF and TGF-␣ in the crypt hyperplasia seen after T cell activation. Our studies show marked upregulation of both growth factors on T cell stimulation suggesting both KGFR and EGFR signaling pathways play a role in epithelial renewal. Further, KGF alone can upregulate the amount of TGF-␣ precursor proteins, indicative of cross-talk between the two receptor systems.
Methods
Fetal gut organ culture. Ethical approval was received from the City and Hackney Health Authority.
Human fetal small intestine was obtained 2 h after surgical termination from the Medical Research Council Tissue Bank at Hammersmith Hospital, London and/or the Homerton Hospital, London. All tissue samples in this study were of 15-16-wk gestation. 20 explants (1-2 mm 2 ) were cultured in 7 ml Autrups serum-free media (29) , with the omission of hydrocortisone at 37 Њ C. Stimulation of resident T cells in the explants was achieved by addition of SEB (10 g/ml; Sigma, Poole, Dorset, UK).
Polyclonal goat anti-human KGF, TGF-␣ , and IGF-1 antibodies (10 g/ml; R&D Systems, Abingdon, UK) were added to control and SEB-stimulated explant cultures. A goat anti-mouse IgG (Harlan Sera-Lab, Loughborough, UK) was used as a control.
RNA extraction and quantitative RT-PCR. To facilitate quantitation of KGF mRNA by PCR, we constructed a plasmid to produce a standard RNA molecule. Details of plasmid construction and general methodology have been described elsewhere (22) . In brief, using the same primer set, RT-PCR of the standard RNA molecule yields a PCR product of 440 bp, whereas the target tissue yields a 266-bp fragment, the difference in size allowing quantitation of the KGF mRNA transcripts as follows. PCR products were analyzed on 1% agarose gels and the bands were visualized by ethidium bromide staining. Band intensities were quantified by densitometry (Seescan 1D gel analysis package v 1.00; Seescan, Cambridge, UK). The ratio of standard to target PCR products was plotted against the number of standard RNA transcripts in the reaction on a double logarithmic scale. In this way, the point of the starting amount of cellular target transcripts can be determined. The sensitivity of this technique enables the detection of Ͻ 1,000 KGF mRNA transcripts/ g of total RNA.
Stimulation of fetal mucosal MSC. The isolation and characterization of fetal small intestine mucosal MSC has been described in detail elsewhere (30) . In brief, the small intestine was dissected and the mucosa scraped gently with a scalpel. The scrapings were gently broken by repetitive pipetting and the resultant cell suspension was cultured and maintained in MEM and 10% FCS (Life Technologies, Paisley, UK). Nonadherent cells were removed on day 2 and the media were changed every 3-4 d. Cells at passage 4 and beyond were used in this study, when epithelial cells and HLA-DR-positive cells were minimal. Each batch of cells was characterized by immunocytochemistry before use (30) . MSC (5 ϫ 10 5 ) cells were seeded into 25-cm 2 area culture flasks until confluent. The cells were cultured for a further 24 h in serum-free (0.5% FCS) media before the addition of TNF-␣ (5 ng/ml), IFN-␥ (300 U/ml), or SEB (10 g/ml) for 48 h. Flasks cocultured with IFN-␥ and SEB were initially cultured with IFN-␥ for 24 h with subsequent addition of SEB for 48 h. The cytokines were from R&D Systems.
Immunocytochemistry. The explants were carefully removed after culture and placed on top of each other on a piece of filter paper to absorb excess moisture. Explants were then covered with OCT mountant (H & E; Histological Equipment Ltd., Nottingham, UK) on cork, snap-frozen immediately in liquid N 2 -cooled 2-methyl butane (Aldrich Chemical Co. Ltd., Poole, Dorset, UK), and stored at Ϫ 70 Њ C. 6-m frozen sections were stained for proliferating cells using the antibody Ki-67 (Dako Ltd., High Wycombe, UK) by the indirect peroxidase method (31) . Quantitation of dividing cells was carried out as described previously (32) .
Western blotting. Large scale explant cultures were set up to increase protein yield. 60 explants were cultured in 21 ml of Autrups media in the presence of 10 g/ml of SEB. After 72 h, the supernatants were collected and spun (1,200 g , 10 min) to remove cellular debris. The amount of protein in the supernatants was determined using the Bio-Rad protein (Bradford) assay. Supernatants (control and SEB-stimulated) containing 250 g total protein were incubated with 50 l of heparin-Sepharose beads (Sigma) and gently mixed for 2 h at room temperature. The beads were washed directly in 2 ϫ Laemmli sample buffer and analyzed on 15% SDS-polyacrylamide gels. Supernatants from MSC-stimulated cells containing 250 g total protein were similarly incubated with heparin-Sepharose beads and analyzed for the amount of KGF protein. For TGF-␣ immunoblotting, the supernatants were concentrated (3 K mol wt cut off; concentrators from Flowgen, Lichfield, UK) and 350 g total protein was analyzed on 18% SDS-PAGE. For both growth factors, after electrophoresis and transfer to nitrocellulose membrane, nonspecific binding was blocked by incubating the membrane in 5% nonfat milk/PBS-T (PBS, 0.1% Tween 20) for 1 h. After overnight incubation with the primary antibodies (2 g/ml goat anti-human KGF; 2 g/ml goat anti-human TGF-␣ ; R&D Systems), the membrane was washed three times with PBS-T, followed by incubation with horseradish peroxidase-conjugated rabbit anti-goat IgG (1:1,000; Dako Ltd.). The reaction was either developed using diaminobenzene as substrate or using the enhanced chemiluminescent method (Amersham International, Little Chalfont, UK).
Determination of the EGF receptor (EGFR) phosphorylation levels.
To analyze EGFR protein content, 15-wk fetal gut explants, cultured for 3 d in the presence of SEB, were homogenized in buffer A (10 mM Tris, pH 7.5, containing 1% [wt/vol] Triton X-100, 5 mM EDTA, 1 mM EGTA, 150 mM NaCl, and protease inhibitors: 2 mM sodium orthovanadate, 1 mM PMSF, 10 g/ml leupeptin, 10 g/ml aprotinin, 10 g/ml phenanthroline, and 1 mM NaF). Lysates were clarified and protein content was determined as above. EGFR phosphorylation was determined by immunoprecipitating EGFR with rabbit anti-human EGFR antibody (Autogen Bioclear UK Ltd., Calne, UK) followed by immunoblotting using antiphosphotyrosine antibody (PY20; TCS Biologicals, Buckingham, UK). In brief, 1 g of anti-EGFR antibody was incubated with 1 mg total lysate for 3 h at 4 Њ C. 100 l of protein A-Sepharose was added for the last hour of incubation. The beads were pelleted by centrifugation, washed three times in buffer A, and suspended in SDS sample loading buffer and boiled for 5 min. The supernatant was subjected to 7.5% SDS-PAGE and immunoblotted. Nonspecific binding was blocked by overnight incubation with 5% (wt/vol) BSA in TBS/T (Tris-buffered saline, 0.15% Tween 20). Incubation with primary antibody (antiphosphotyrosine, 0.1 g/ml in 1% BSA/TBS-T) was for 2 h at room temperature followed by incubation with rabbit anti-mouse peroxidase-linked secondary antibody (1:20,000; Dako Ltd.). The blot was stripped and probed again with a second EGFR antibody (R1; Autogen Bioclear UK Ltd.) to quantify the amount of receptor. Detection was by an enhanced chemiluminescent method.
In situ hybridization. A 400-bp Xba1/Pst1 fragment of human KGF was amplified by RT-PCR from a 16-wk fetal small intestine sample and subcloned into pGEM-3Zf( Ϫ ) plasmid (Promega Corp., Madison, WI) at the corresponding restriction sites and the sequence of the probe confirmed by double-stranded di-deoxysequencing (Pharmacia, St. Albans, UK). After linearization of the plasmid with BamH1 or HindIII enzymes, single-stranded antisense and sense KGF riboprobes (sp act 0.8-1.7 ϫ 10 9 disintegrations/ g RNA) were obtained using T7 or SP6 RNA polymerase and 35 S-UTP (800 Ci/ mmol; Amersham International). Paraffin-embedded sections of the explants were prepared after fixing the tissue in formalin-saline for 12-16 h. Histological sections were treated as described by Senior and co-workers (33) . In brief, 10 6 cpm of unhydrolyzed probe was hybridized overnight at 55 Њ C to dewaxed sections permeabilized to proteinase K. Posthybridization steps included several washes in 50% formamide buffer at 55 Њ C to remove unhybridized probe, followed by RNase A treatment to digest single-stranded molecules, and extensive washing to remove cleaved fragments. The final two washes were at 65 Њ C for 30 min in 0.5 ϫ SSC (1 ϫ SSC is 0.15 M NaCl, 0.015 M sodium citrate). Slides were dehydrated, then dipped in Ilford K5 emulsion for autoradiography. As controls, parallel sections were hybridized to equal radioactivity amounts of antisense ␤ -actin riboprobe. tine explants with SEB leads to crypt cell hyperplasia (32) . Low levels of KGF mRNA expression were detected in day 0 explants; in control explants, the expression remained relatively unchanged over 72 h in culture (Fig. 1) . In SEB-stimulated explants, the expression of KGF mRNA showed a 2-fold increase after 24 h and a 10-fold increase at 72 h.
Results

T cell activation results in upregulation of KGF mRNA and protein. Activation of the resident T cells in fetal small intes-
To identify the cellular localization of the increase in KGF mRNA transcripts, in situ hybridization was performed on sections from control and SEB-stimulated explants (Fig. 2) . After 3 d in culture, intense positive signals for KGF mRNA transcripts were observed in the lamina propria (Fig. 2 B ) of SEBstimulated tissue, with weaker scattered signals in the deeper layers. No positive signal was detected in the epithelial cells along the length of the villi or in the crypts. The close proximity of the increased KGF mRNA expression to the stem cells at the base of the crypt suggests paracrine effects of KGF on epithelial cell renewal on T cell activation. Weak, occasional signal was detected in the lamina propria of control explants (Fig. 2 F ) . The ␤ -actin antisense probe was included as a positive control, which as expected showed strong signal in most tissue compartments in both control and SEB-stimulated explants (Fig. 2, D and H ) .
To determine whether increased expression of KGF mRNA correlates with elevated levels of KGF protein, culture supernatants were analyzed by Western blotting. A 26-28-kD doublet band corresponding to human KGF purified from M426 human conditioned media (34) was observed as early as day 1 in SEB-stimulated explants (Fig. 3 ) and the intensity of the immunoreactive KGF bands increased with time. Densitometric scanning revealed a 1.5-fold increase on day 2 and a 3.5-fold increase in the amount of KGF protein on day 3 compared with day 1. No KGF protein was detectable in control culture supernatants. The doublet pattern most likely reflects differential glycosylation or proteolysis of the mature glycosylated protein (34) .
KGF production has been reported to be modulated in fibroblasts by cytokines (35, 36) . Therefore, we examined the effect of proinflammatory cytokines on the production of KGF in primary fetal mucosal MSC. Direct addition of TNF-␣ (5 ng/ ml) to confluent cultures led to a sixfold increase in KGF mRNA within 48 h (Fig. 4) . However, IFN-␥ (300 U/ml) or SEB (10 g/ml) had no effect on KGF mRNA expression over the same incubation time. No effect was also observed in cells that were treated initially (24 h) with IFN-␥ to upregulate MHC-II expression (37) and then incubated with SEB for a further 48 h. These data clearly show that SEB is not directly modulating the KGF mRNA expression in fibroblasts. These observations were further verified since KGF protein was only detectable in TNF-␣ -stimulated culture supernatants of MSC cells (Fig. 5) .
To determine if KGF plays a functional role in the increased epithelial cell proliferation observed in SEB-stimulated explants, we carried out inhibition studies using anti-KGF antibody. SEB produced a large increase in the number of dividing cells in the crypts compared with unstimulated explants, an effect which was partially inhibited by anti-KGF antibody (Table I ). In contrast, direct addition of exogenous recombinant KGF at low concentrations (0-20 ng/ml) had no effect on epithelial cell proliferation and a modest twofold increase was only observed at high doses (500 ng/ml) of the growth factor (Table I) .
TGF-␣ in SEB-induced T cell activation.
Earlier studies by Dlugosz and co-workers have implicated the TGF-␣ /EGFR pathway as an intermediary in signaling by the KGF/KGFR system (38) . We explored this possibility by measuring the Figure 3 . Western blot analysis for KGF in supernatants of control and SEB-stimulated explants after 72 h of incubation. No KGF protein was detectable in control tissue on days 1 and 3 (D1, D3). In contrast, a progressive increase (from D1 to D3) in the KGF 26-28-kD protein doublet was observed in the SEB-stimulated explants. Figure 4 . Number of KGF mRNA transcripts/g total RNA in cultured fetal mucosal MSC. Serum-starved (24 h) confluent cells were stimulated by IFN-␥ (300 U/ml), SEB (10 g/ml), IFN-␥ (300 U/ml) ϩ SEB (10 g/ml), and with TNF-␣ (5 ng/ml) for 48 h. The data are meanϮSEM of three experiments. Comparison of KGF mRNA expression among various groups was made using the Mann-Whitney U test. Significant increase in KGF mRNA expression was found only in TNF-␣-stimulated cells (P Ͻ 0.05). TGF-␣ protein content in SEB-stimulated culture supernatants (Fig. 6 ). TGF-␣ is known to exist in various precursor forms, ranging from 6 to 68 kD (39) . Although various size bands were detected by Western blotting, the strongest band seen was the 42-kD isoform. As shown in Fig. 6 , there is a marked increase in TGF-␣ precursor proteins in the supernatants of SEB-stimulated explants. Induction of these various isoforms was observed as early as 24 h after SEB stimulation (data not shown). Interestingly, no mature form of TGF-␣ (5.6 kD) was detectable by Western blotting techniques during the time course of these experiments (72 h). The biological effect of increased TGF-␣ proteins was studied by analyzing the EGFR and its phosphotyrosine content (40, 41) . As shown in Fig. 7 , immunoprecipitation of the EGFR from control and SEB-stimulated lysates showed the receptor to be phosphorylated only in the latter case, suggesting a role for this receptor signaling pathway in T cell-induced crypt cell hyperplasia. Further, inhibition studies with anti-TGF-␣ antibodies also resulted in a partial reduction in the number of proliferating epithelial cells in SEB-stimulated explants (Table I) , suggesting like KGF, TGF-␣ also can influence the rate of epithelial cell renewal seen during T cell activation. Interestingly, direct addition of TGF-␣ at the same high dose as KGF (500 ng/ml) resulted in a similar twofold increase in epithelial cell proliferation (Table I) .
To determine if KGF could indirectly affect the EGF/TGF-␣ receptor signaling pathway by modulating the levels of TGF-␣, control explant cultures were treated with recombinant KGF (500 ng/ml) for 72 h and corresponding supernatants were subjected to TGF-␣ immunoblotting. As shown in Fig. 6 there was an increase in the 42-, 38-, and 30-kD TGF-␣ precursor proteins in rKGF-treated explants, although the amount was much less than that observed in SEB-treated explants. The 28-kD TGF-␣ isoform was only observed in the latter case.
Discussion
This study establishes KGF and TGF-␣ as mediators of the increased epithelial cell proliferation seen after T cell activation in the gut. Even though these studies were carried out ex vivo using a bacterial superantigen to drive T cell activation, the morphological resemblance between the changes produced in the fetal gut and that seen in human diseases such as celiac disease (42, 43) and the fact that these studies were done in intact tissue, rather than extensively cultured cell lines, make the model relevant to our understanding of the molecular basis of human disease.
There was marked upregulation of KGF mRNA transcripts after T cell activation and this increase also correlates with increased protein expression. The source of this increased KGF mRNA expression and protein in the small intestine is not completely established. Earlier work by several groups has shown KGF to be synthesized and secreted by stromal cells and acts specifically on the epithelium of a wide variety of tissues (15, (44) (45) (46) . Studies on tissue sections from patients with Crohn's disease and ulcerative colitis have shown MSC in the Data of three individual experiments are represented as number of Ki-67 cells/crypt (meanϮSEM). A significant increase was observed in the number of proliferating cells in the crypts of SEB-stimulated explants compared with control tissue (P Ͻ 0.05). Addition of anti-KGF and anti-TGF-␣ antibodies (10 g/ml) to SEB-stimulated explants showed a significant inhibition in the number of proliferating cells (P Ͻ 0.05). In contrast, anti-IGF-1 antibodies had no effect on the rate of epithelial cell renewal. The direct effect of the growth factor was studied by addition of 500 ng/ml of TGF-␣ and KGF to control explant culture supernatants. After 72 h of incubation, the explants were frozen and the number of proliferating cells/crypt was counted as above. Both KGF-and TGF-␣-stimulated explants showed a significant increase in the number of proliferating cells compared to control (P Ͻ 0.05). Statistical analysis was by Mann-Whitney U test. Figure 6 . Upregulation of TGF-␣ precursor proteins in rKGF-and SEB-stimulated explant cultures. Fetal gut explants were cultured with rKGF (500 ng/ml) or SEB (10 g/ml) for 72 h. Supernatants were collected and 350 g total concentrated protein was subjected to SDS-PAGE and subsequent immunoblotting for TGF-␣. Several bands (28, 30, 38 , and 42 kD) were detected in SEB-stimulated explants (SEB) compared with control (CON). In rKGF-stimulated explants (rKGF), 30-, 38-, and 42-kD bands were observed. The different sizes represent various precursor forms of TGF-␣. Tissue lysates (1 mg total protein) were immunoprecipitated with polyclonal anti-EGFR antibody, and the immunoprecipitate was subjected to immunoblotting with antiphosphotyrosine antibody. Lanes represent immunoprecipitates from control (CON) and SEB-stimulated (SEB) specimens. The phosphorylated 170-kD EGFR was only detected in the SEB lane. The blot was stripped and reprobed for the EGFR protein (with a different anti-EGFR antibody) to show equal amounts of the receptor (EGFR Blot). These data clearly show that the phosphorylated 170-kD band is indeed EGFR. lamina propria to be the main source of KGF (20-22). However, Finch and colleagues suggest that KGF may also be made by T cells (20). In mice it has been claimed that intraepithelial ␥␦ T cells make KGF (47). However, this work has not been extended to humans. Based on our present in situ hybridization studies, it is difficult to resolve this issue, as positive signals for KGF mRNA were densely scattered throughout the lamina propria (Fig. 2 B) , making it difficult to identify individual cell types involved in the synthesis of this growth factor. There is no evidence so far to implicate the involvement of any other immune cells (macrophage, monocyte, neutrophil) in the synthesis of KGF. Proinflammatory cytokines, such as IL-1␤, TNF-␣, and IFN-␥ which are released from T cells and macrophages during inflammation, are known to be potent inducers of KGF mRNA expression in fibroblasts from multiple sources (35, 36) . In this study we show upregulation of KGF protein by cytokines in purified fetal mucosal MSC cultures confirming unequivocally that gut stromal cells can be a major source of KGF. We have also observed similar upregulation of KGF mRNA expression by cytokines (IL-1␤ and TNF-␣) in a colonic (CCD18Co) fibroblast cell line (Bajaj-Elliott, M., unpublished data).
To investigate if KGF has a direct effect on the epithelial cell proliferation seen after T cell activation with SEB, fetal small intestine explants were cocultured with a polyclonal neutralizing anti-KGF antibody. The reduction in the number of the dividing cells in the crypts of explants ( Table I) shows clearly that KGF is an important mediator for epithelial cell proliferation in response to injury. Anti-TGF-␣ antibodies also showed a similar inhibitory effect on the number of Ki-67-positive cells. Interestingly, in the same experimental system, anti-IGF-1 antibodies did not have any effect on the SEB-stimulated increase in epithelial cell renewal (Table I) . Housley and co-workers have demonstrated the mitogenic effects of KGF for intestinal epithelial cells both in vitro and in vivo (19) . Administration of exogenous KGF resulted in rapid (24-h) induction of epithelial cell proliferation. Morphological changes to noninflamed colon included an increase in colonic wet weight and colonic crypt depth and in the number of goblet cells per villi (19, 48) . The mechanism(s) by which KGF can modulate epithelial cell renewal are still unclear. In our study, direct addition of the growth factor (0-20 ng/ml) to the explant culture system had no effect on epithelial cell proliferation; however, at higher doses (500 ng/ml) either KGF or TGF-␣ caused a twofold increase in epithelial cell proliferation compared with control tissue (Table I) . Such a small increase in proliferation might reflect the maximum basal rate of epithelial cell renewal in control intact tissue and it is probable that only in response to injury, as observed in the SEB-stimulated explants, is this basal rate highly upregulated. Furthermore, the exact role of endogenous growth factors in such an experimental system is unknown. Similar observations have also been noted by Post and colleagues (49) , where an effect of exogenous KGF on embryonic lung branching was only observed once the levels of endogenous growth factor had been reduced by antisense KGF oligonucleotides and further, similar high doses of growth factor were required to show an effect on proliferation. Furthermore, the addition of rKGF could only partially reverse the inhibitory effects of antisense KGF, suggesting even greater complexity to these cellular processes (49) .
During the last several years, various EGFR ligands have been identified and found to be fundamental regulators of epithelial growth and differentiation (50, 51) . A previous study by Dlugosz and co-workers implicated the TGF-␣/EGFR receptor pathway as an intermediary in signaling through the KGFR (38) . In our present study we have explored this possibility and have identified marked upregulation of various precursor forms of the TGF-␣ protein in SEB-stimulated explant supernatants. The mature form of the peptide was not detectable by Western blotting techniques even after 72 h of T cell activation. Recently, Hoffman and colleagues have also identified only the precursor forms of TGF-␣ in an acute model of experimental colitis in rats. They propose that the absence of the mature peptide may be due to its rapid removal from the lumen of the inflamed intestine (52) . The absence of the mature protein in our ex vivo organ culture supernatants lends further support to their observations that the precursor forms of TGF-␣ may be the true ligands for the EGFR during episodes of inflammation. Further studies are required to define the exact role of these various proteins in modulating epithelial cell renewal via the EGFR signaling pathway. The issue of whether this increase in protein reflects changes in transcription, protein synthesis or in increased proteolysis of membrane-bound TGF-␣ was not addressed.
An increase in the phosphotyrosine content of the EGFR was observed after 72 h, thus showing directly that this receptor system is activated in the SEB-stimulated explants. Studies by Dlugosz and colleagues (38) and our present data suggest one possible mechanism by which the KGF/KGFR pathway may be involved in activation of the EGFR system, i.e., by modulating the levels of the various TGF-␣ precursor proteins. The complex molecular cross-talk between the KGF/KGFR and the TGF-␣/EGFR systems requires further investigation. In noninflamed tissue, TGF-␣ has been localized to the mature enterocytes at the tips of the villi where it is likely to exert its role in epithelial restitution (25, 53) . In contrast, in inflamed intestine, the expression of TGF-␣ was found in epithelial cells of the upper crypt region (25) , where it is more likely to influence the rate of epithelial cell renewal. Our present in situ hybridization study on fetal tissue shows increased KGF mRNA expression around the bottom of the crypt. A recent study from our laboratory has also shown similar distribution of KGF mRNA expression in adult inflammatory bowel disease tissue (22) , further validating the choice of the ex vivo model in the study of human disease. This closer proximity of KGF and TGF-␣ observed during inflammation suggests greater cross-talk between the two pathways, which may reflect communication between the rate of stem cell renewal in the crypt and the rate of transit of the immature enterocyte to the villi tip. The activation of the TGF-␣/EGFR pathway has also been shown to lead to tyrosine phosphorylation of the c-met receptor, even in the absence of its ligand (54) , suggesting a novel mechanism by which various growth factor receptor pathways may modulate the final rate of epithelial cell renewal.
Recent studies on the KGF and TGF-␣ knockout mice are increasing our understanding of the processes involved in tissue repair after injury. Interestingly, the KGF knockout and double knockout (KGF and TGF-␣) mice show no impairment in their wound healing abilities (55) . Tissues where epithelialmesenchymal cell interactions are known to be important for development were found to be morphologically/histologically normal. These observations may reflect genetic redundancy, because a dominant negative mutant of the KGFR expressed in the basal keratinocyte layer blocks cell proliferation of the wound margin and delays reepithelization (56) . These observations suggest that acidic FGF which has affinity for the FGFR2 receptor (57) or an as yet unidentified ligand might also play a role in modulating crypt cell division through the KGF/FGFR2 receptor signaling pathway.
Recent studies by Egger and colleagues (58) have shown increased susceptibility of TGF-␣ knockout mice to dextran sulfate-induced colitis and amelioration of the colonic injury by exogenous application of the growth factor, suggesting TGF-␣ as a mediator of protection and/or healing in the colon. It would be interesting to study the KGF/KGFR receptor pathway in these mice to further elucidate the extent of overlap between the two signaling pathways and their exact role in epithelial cell proliferation.
Several studies have also implicated the extracellular matrix to play a role in modulating the effects of growth factors. Affinity of KGF for heparin and heparan sulfate proteoglycans (59) and its ability to stimulate high plasminogen activator and MMP-10 expression (60) may also affect epithelial cell renewal indirectly by enhancing the rate of transit of the undifferentiated epithelial stem cell from the base of the crypt to the more differentiated form at the tip of the villi. Further studies are required to define the exact role and interactions between multiple parallel growth factor-dependent pathways that regulate epithelial cell proliferation in the crypt during inflammation.
